A B S T R A C T Collagens in normal human liver and in alcoholic cirrhotic liver were investigated. Collagens were solubilized by limited proteolysis with pepsin under nondenaturing conditions, and after purification, were fractionated into types I and III by selective precipitation with NaCl. After carboxymethyl cellulose and agarose chromatography, the resulting a-chains from each of the collagen types were analyzed with respect to their amino acid and carbohydrate compositions. A comparison of the results obtained from normal liver with those from the diseased organ revealed no significant differences.
INTRODUCTION
Recent discovery of the existence of several different types of collagen molecules in various connective tissues has made more cogent the questions concerning possible physiological and functional significance of tissue collagen polymorphism and its alterations in disease states. So far, at least four genetically distinct types of collagen have been described. The most abundant and best-characterized collagen, referred to as type I, is present in nearly all connective tissues including skin, bone, tendon, and aorta. Its molecular structure consists of two al(I) chains and a single a2 chain, or [al(I)]2a2 (1, 2) . Type III collagen, which has been isolated from human skin, aorta, leiomyoma, placenta, periodontiuim, liver, and lung, contains three identical al(III) chains, [al(III)]3 (3) (4) (5) (6) (7) (8) (9) (10) . The remaining two genetically distinct collagens also consist of three identical but distinct a-chains per molecule, i.e., [al(II)]3 and [al(IV)]3. However, their occurrence is more restricted; type II collagen occurring only in cartilage (11, 12) and type IV in basement membranes such as renal glomeruli and anterior lens capsule (13, 14) .
Although there are no data directly pertaining to the biologic and functional significance of the observed collagen polymorphism, wide variations in the relative distribution of type I and type III collagens in various tissues and organs suggest that collagen polymorphism may play an important role in modulating the properties of the parent tissues in various physiologic and pathologic states (5, (7) (8) (9) (10) 15 Extraction of collagen by limited pepsin digestion. The washed liver residue was suspended in cold 0.5 M acetic acid. The pH of the suspension was adjusted to 2.5 by the addition of formic acid, and digested with pepsin as previously described (7) . The extracted collagen was purified by 0.01 M Na2HPO4 precipitation, 1 M NaCl precipitation from 0.5 M acetic acid solutions, and selective precipitation of type III and type I collagen at 1.5 and 2.5 M NaCl, respectively (7) .
Cleavage with cyanogen bromide. The washed liver homogenates were used directly for CNBr cleavage of total liver collagen. 0.5-1.0-g samples were suspended in 50-100 ml of 70%/o formic acid and digested with CNBr at 40°C. Purified collagen a-chains were digested in an identical manner except that 50-100-mg samples were dissolved in 20 ml of 70%o formic acid (7).
Ion-exchange chromatography. Separation ofthe a-chains from pepsin-solubilized collagen was achieved by chromatography of heat-denatured collagen on a 2.5 x 10-cm column of carboxymethyl (CM)-cellulose (Whatman CM-32) at 43°C (1, 7) . Samples were dissolved in starting buffer (0.02 M sodium acetate/l M urea, pH 4.8), denatured by warming the solution at 43°C for 30 min, and applied to the column. Elution was performed using a linear gradient of NaCl from 0 to 0.1 M over a total volume of 1,200 ml at a flow rate of 200 ml per h.
The peptides obtained by CNBr digestion were chromatographed on a 0.9 x 15-cm column of CM-cellulose at 43°C (7, 22) . Peptides from total liver digests (100 mg), or the isolated collagen chains (25-50 mg) were separated with a linear gradient formed between 250 ml each of starting buffer (0.02 N sodium citrate, pH 3.8) and limiting buffer (0.02 N sodium citrate/0. 16 M NaCl, pH 3.8) (7). The peptides obtained from the initial CM-cellulose chromatography at pH 3.8, were further purified by chromatography either on CM-cellulose at pH 4.8, phosphocellulose or gel filtration (7).
Molecular sieve chromatography. Separation and molecular weight determinations of denatured collagen chains and CNBr peptides were achieved on 2 x 120-cm calibrated columns of agarose beads, A-15 m, A-1.5 m (200-400 mesh, Bio-Rad Laboratories, Richmond, Calif.) or Sephadex G-50 SF (Pharmacia Fine Chemicals, Inc., Piscataway, N. J.). Tritiated water was used to mark column volumes (23) .
Amino acid and carbohydrate analysis. Samples foramino acid analyses were hydrolyzed in doubly distilled constant boiling HCI under an atmosphere of nitrogen for 24 h at 110°C. Analyses were performed with an automatic analyzer (model 121, Beckman Instruments, Fullerton, Calif.) using a four-buffer elution system previously described (24) .
Hydroxylysine glycosides were determined after hydrolysis in 2 N NaOH in borosilicate-free tubes at 110°C for 24 h. Analyses were performed on a Beckman 121 analyzer employing the procedure of Askenasi and Kefalides (25) . No correction factors were used to compensate for hydrolytic losses.
RESULTS
Collagen from both normal and cirrhotic human liver was investigated. Only a small fraction of the total collagen present in normal liver was extractable by nondenaturing solvents, 1 M NaCl and 0.5 M acetic acid. However, limited pepsin digestion enabled solubilization of 47 and 85% of the total collagen from normal and cirrhotic liver, respectively (Table I) . In general, much greater percentages of the total collagen were solubilized with pepsin from cirrhotic livers than from normal livers. This allowed isolation of sufficient quantities of liver collagen for chemical characterization.
Collagen extracted by limited proteolysis with pepsin was partially purified by dialysis against 0.01 M Na2HPO4 and 1 M NaCl precipitation from dilute acetic acid solutions. Type III collagen was partially separated from type I by fractional precipitation between 1.0 and 1.5 M NaCl at pH 7.4 (0.05 M Tris). The more soluble type I collagen was separated as a 1.5-2.5 M NaCl precipitate at the same pH (3, 7) .
Type III collagen in the 1.0-1.5 M NaCl precipitate was fractionated by CM-cellulose chromatography (Fig. 1) . The elution patterns of normal and cirrhotic type III collagen were identical and similar to that observed for human skin or lung type III collagen (3, 7, 26) . The peaks were identified by amino acid analysis after agarose A-15 m gel filtration (figure not shown). The molecular weight of al(III) was estimated to be 285,000 by the above procedures. The amino acid composition of the al(III) chain of human liver was indistinguishable from that of human skin al(III) reported previously except that the content of hydroxylysine was higher (8.4/1,000 residues as opposed to 5 .0 for skin) (3, 26) . The carbohydrate content was found to be 0. 8 Type I collagen precipitating at 2.5 M NaCl was separated into individual al(I) and a2 chains by CMcellulose chromatography (Fig. 1) . Each of the a-chains was further purified by gel filtration on agarose A-15 m (figure not shown), which allowed a clear-cut separation of al(I) or a2 (mol wt 95,000 daltons each) from al(III) (mol wt 285,000 daltons). No peaks corresponding to 811 or f812 (of type I) were observed on gel filtration. The amino acid composition of the al(I) and the a2 chains was identical, within experimental error, to that reported previously (27, 28) for the type I chains from human skin except for the higher hydroxylysine content of the liver al(I) chains (6.5 vs. hydroxyproline in each peak. In this case, the al(I) content was determined to be 62% of the total (Table II) .
differences were noted in the amino acid or carbohydrate content between collagens of normal and cirrhotic liver. To further characterize the covalent structure of type I and type III collagens of liver, the al(I) and the al(III) chains obtained by CM-cellulose and agarose chromatography were digested with CNBr, and the resulting peptides were fractionated on CM-cellulose at pH 3.8 (7) . Each of the CNBr peptides was then further purified by a combination of ionexchange and molecular sieve chromatography (7, 22, 28) , and analyzed for molecular weight and amino acid composition. All of the peptides were, within experimental error, identical with the corresponding peptides from human skin (22, 28 (6) .
To ascertain the reliability of this approach, artificial mixtures containing various proportions of isolated al(I) and al(III), ranging from 20 to 40%o type III, were initially analyzed. As an example, a CM-cellulose chromatogram of a CNBr digest of a sample containing 40% al(III) and 60% al(I) is shown in Fig. 2 (Table II) . Fig. 2 , with the aid of an incorporated authentic radiolabeled al(I)-CB8 and further chromatographed on agarose A-1.5 m as shown in Fig. 3 . The fractions indicated by the bars were collected and analyzed for hydroxyproline. § The CB 4,3 region was collected from CM-cellulose chromatrography as indicated in Fig. 2 and further fractionated on agarose A-1.5 m. The peak eluting at the position corresponding to a molecular weight of 13,500 was collected, and analyzed on an amino acid analyzer. 1" The calculations were based on 29 nmol hypro per al(I)-CB8, 15 nmol hypro per al(III)-CB8, and five threonine residues for al(III)-CB4, 0 threonine for al(I)-CB3, four valine residues for al(III)-CB4 and 0 valine for al(I)-CB3. from each other by agarose A-1.5 m filtration (Fig. 3) , and quantitated by hydroxyproline analysis on aliquots of each peptide. The composition of such mixtures calculated from this type of analysis is presented in Table II. The standard samples were also analyzed for the ratio of type I to type III using a second set of CNBr peptides, al(I)-CB3 and ad(III)-CB4. The two peptides are homologous and have an identical molecular weight of 13,500, but differ in amino acid composition. The former peptide contains four residues of valine but no threonine, while the latter contains five residues of threonine but no valine. The ratio of these two amino acids, therefore, could be used to calculate the relative proportions of type I and type III in the sample. Thus, the CM-cellulose fractions containing the two peptides (Fig. 2) were pooled, desalted, and subjected to gel filtration on agarose A-1.5m. The peak eluting at the position corresponding to a molecular weight of 13,500 was collected, desalted, and analyzed in triplicate for amino acid composition. From the observed values of threonine and valine, the ratio of type I to type III was calculated. The results, given in Table II also, are in close agreement with the predicted values and with the results obtained by analyses of the CB8 peptides. The CNBr peptides derived from the a2 chain of type I collagen have previously been shown not to coelute with the above cal(I) and al(III) peptides and therefore were not a source of error (7) .
A CM-cellulose chromatogram of a CNBr digest of a normal liver is presented in Fig. 4 (upper panel) , along with that obtained from a cirrhotic liver (Fig. 4, lower panel) . The peaks corresponding to al(I)-CB8, CB(8-3), and al(III)-CB8 were pooled, desalted on Sephadex G-25, lyophilized, and the peptides were further separated by gel filtration on agarose A-1.5 m (middle and lower panels), as shown in Fig. 3 . Hydroxyproline analysis was used to deter- mine the quantities of these peptides, and from the known composition of the peptides, molar ratios of the two collagens in liver was calculated. In addition, the ratio of the two collagens was also determined by amino acid analysis in triplicate of the peptide fractions containing a mixture of al(I)-CB3 and al(III)-CB4 as described above for the standard mixtures. The results obtained by the two types of analyses were averaged and are shown in Table III al(I) and a1(III) chains of liver as compared to the skin chains, the increase being two to three residues per chain (3, (26) (27) (28) . These results probably reflect a tissue-specific variation in the activity of lysylhydroxylase. Liver type III collagen contained identical quantities of O-glucosylgalactosylhydroxylysine and O-galactosylhydroxylysine as type III of lung (7) . In all respects examined, i.e., molecular weight, amino acid composition, lysine and proline hydroxylation, and glycosylation, no significant differences were noted between normal and cirrhotic liver collagen. This is interesting because the activities of the post-translational enzymes, prolyl-and lysylhydroxylases, and collagen glucosyl-and galactosyltransferases have all been shown to increase severalfold during experimentally induced hepatic fibrosis (19, 20) . The fact that these increased enzymatic activities do not lead to increased collagen hydroxylation or glycosylation suggests that the increased enzymatic activities may reflect an overall increased collagen synthesis incident to the fibrotic process. The CNBr peptides of cirrhotic liver al(I) and al(III) were isolated and characterized with respect to amino acid and carbohydrate composition and molecular weight. The amino acid compositions are in close agreement with those obtained from human skin al(I) and al(III) (3, 28) .
The specific nature of the CNBr cleavage and of the resulting peptides from both collagen types allowed investigation of collagen polymorphism in normal and cirrhotic liver. Artificial mixtures of isolated al(I) and al(III) were used initially to establish elution positions of the peptides from each a-chain. The peptide al(III)-CB8 coelutes from CMcellulose with a1(I)-CB8 and CB(8-3) (26). The molecular weights of the latter two peptides, 24,000 and 37,000, respectively are greater than that of al(III)-CB8 (12,000) and therefore they could be separated by agarose A-1.5 m chromatography. Incorporation of tracer amounts of radiolabeled al(I)-CB8, prepared from chick skin, into samples of tissue CNBr digests ensured collection of consistent fractions. Quantitation of the peptides eluting from agarose A-1.5 m was achieved using hydroxyproline analysis on aliquots to prevent possible errors from noncollagenous proteins. A second procedure of quantitating the relative amounts of a1(I)-CB3 and the homologous al(III)-CB4 (6) provided substantiation of the above quantitation methods. After an initial separation on CM-cellulose, the above two peptides coeluted from agarose A-1.5 m as a single peak corresponding to 13,500 mol wt. From their known amino acid compositions, the proportion of each peptide was calculated from quantitative amino acid analysis of the mixture. The above two procedures were generally in close agreement, assuring the measurements were reproducible. Close agreement obtained by five identical analyses of one liver sample and duplicate and triplicate analyses on two other samples (Table III) also supports the reliability of the determinations.
The normal liver contained an average of 47% type III collagen. This is much higher than that found in adult human skin (26) . The content of type III collagen in cirrhotic liver was quite variable ranging from 18 to 34% depending on the patient. Close agreement however, was generally obtained on repeated analyses of the same tissue. No attempts were made in the present study to correlate the severity of liver involvement with the reduction in type III collagen. The consistent reduction in the type III content, however, indicates the fibrotic response of this tissue to alcoholic injury is to result in a net increase in type I collagen deposition. Whether this is due to a preferential increase in the degradation of type III collagen or solely to increased synthesis of type I collagen is currently under investigation.
Recently, Kuhn and his colleagues (8, 9) have reported that human liver contains at least two apparent populations of collagen; one stainable by fluorescein-labeled antitype III collagen antibody but not by antitype I antibody, and the other not stainable by either. It was suggested that human liver contains, in addition to type III, either a new type of collagen as yet undefined or type I collagen which differs from skin type I in its immunologic properties. The present investigation indicates that type I collagen is a major constituent of liver, and that biochemically it is indistinguishable from type I collagen from other tissues. The explanation for these discrepant observations is not clear at present.
Rojkind and Martinez-Palomo (10) on the other hand reported that normal liver contained 80%o type I collagen whereas cirrhotic liver contained higher amounts of both type I and III. However, the proportion of type III was increased in cirrhotic as compared to normal liver (10) . These conclusions, however, were based entirely on the selective precipitation of the two types of collagen after pepsin solubilization. Utilizing identical procedures, we found a relatively high degree of cross-contamination in the 1.5 and 2.5 M NaCl precipitates rendering accurate quantitation of the relative proportions difficult. To circumvent these uncertainties as well as the problem of variable pepsin solubilization (Table I ) of normal vs. cirrhotic liver collagens, we instead utilized CNBr digestion of the total liver collagen which consistently yielded over 90%o
of the collagens as soluble CNBr peptides. These were then separated and quantitated by well-established procedures to yield peptides specific for both types of collagen.
Whether a diminution in the relative content of type III with an increase in type I is characteristic of fibrotic repair in general is not known. Similar changes have been reported for chronic pulmonary fibrosis (7) and dermal scar (32) , suggesting that this may be the case. However, the possibility also exists that the collagen change in fibrosis may depend on the nature of injury which incites the fibrotic response. For example, rheumatoid synovium reportedly (33) contains elevated levels of type III collagen. This facet of the problem is currently under investigation in our laboratory.
